ABSTRACT
INTRODUCTION
Doppler velocimetry is used to assess small-forgestational-age (SGA) fetuses at risk of adverse perinatal outcome 1 . Doppler abnormalities in the umbilical artery (UA) are related closely to placental disease 2 .
On the other hand, changes in the fetal middle cerebral artery (MCA) reflect fetal cardiovascular adaptations to hypoxia or blood flow redistribution [3] [4] [5] . Thus, decreased pulsatility index (PI) has been considered a compensatory phenomenon to protect the fetal brain in the context of intrauterine growth restriction (IUGR) [6] [7] [8] [9] . More recent work has suggested that the ratio of MCA-PI to UA-PI, the cerebroplacental ratio (CPR), is an independent predictor of fetal compromise 10 , Cesarean section 11, 12 and adverse perinatal outcome [13] [14] [15] [16] . Therefore, UA and MCA Doppler indices and CPR are currently used to modify the scheduling of antepartum surveillance and, in some cases, to time delivery of the compromised fetus 2, 10 . Whilst the methodology for acquiring fetal Doppler signals has been standardized 17 , multiple reference ranges have been reported. Patterns of Doppler progression have been characterized clearly [18] [19] [20] [21] [22] . Thus, it has been reported that qualitative changes in UA Doppler, such as the presence, absence or reversal of end-diastolic velocity, clearly indicates an increased risk of fetal demise [23] [24] [25] . However, the association between quantitative changes in UA and MCA Doppler, as measured using PI, and perinatal and long-term outcomes has not been clearly established [26] [27] [28] . Furthermore, the value of Doppler ultrasound in appropriate-or large-for-gestational-age fetuses, post-term pregnancy 29 , pregnancy complicated by diabetes 30 and uncomplicated dichorionic twin pregnancy 31 remains uncertain 32 . We hypothesize that this lack of evidence may be at least partially explained by different Doppler references used to define normal or abnormal findings, as shown recently in a systematic review of reference values for estimated fetal biometry 33 .
The aim of this study was therefore to evaluate reference ranges for UA and MCA Doppler indices and CPR and specifically, first, to assess the methodological quality of studies on which these are based, using a set of predefined quality criteria for study design, statistical analysis and reporting methods, and, second, to estimate the clinical impact of using different reference charts.
METHODS
This study was conducted and reported in accordance with the checklist proposed by the MOOSE group 34 and the PRISMA statement for reporting systematic reviews and meta-analyses 35 .
Eligibility criteria, information sources and search strategy
A search strategy was formulated in collaboration with a professional information specialist (Appendix S1). Relevant studies were identified through a search of MEDLINE, EMBASE, CINAHL and the Web of Science databases, including studies reported from 1954 to December 2016. Reference lists of retrieved full-text articles were examined for additional relevant citations. The search was not restricted by study design or methodology, however, articles published in only English or Spanish were considered.
Study selection
Observational (cohort or cross-sectional) studies aimed to create reference ranges for UA and MCA Doppler indices and CPR were included. Studies were excluded if they were a case-control study, their primary aim was not to construct Doppler reference ranges or they were limited to pregnancies < 20 or > 40 weeks' gestation (Table S1 ). All potentially relevant studies were retrieved and reviewed independently by two authors (S.R.-M. and D.O.) to determine inclusion. Disagreements were resolved through consensus.
Methodological quality assessment
The methodological quality of the full-text versions of eligible studies was assessed independently by the same reviewers and a medical statistician (E.S.-U.). Disagreements were resolved by consensus or consultation with two other reviewers (A.T.P. and E.F.). Authors' institutions were contacted in order to obtain a copy of the published article when this was not available from library sources. A list of methodological quality criteria (Table 1) was initially developed by one of the authors (A.C.-A.), modified for use in the setting of Doppler, and agreed by the team not involved in data abstraction. These quality criteria are based on available published research 25, 36, 37 , and are divided into two domains: study design, and statistical and reporting methods. In total, 24 quality criteria were evaluated.
Data extraction and synthesis
Following the review of included studies, all study details were entered into a Microsoft Excel 2010 spreadsheet. Every study was assessed against each of the criteria within the checklist and was scored as either 0 or 1 if there was a high or low risk of bias, respectively. The overall quality score was defined as the sum of low risk of bias marks, with the range of possible scores being 0-24. In order to assess agreement between reviewers in defining high or low risk of bias, the intraclass correlation coefficient of the interobserver complete score was calculated; this suggested excellent agreement (0.815; 95% CI, 0.66-0.90).
Multiple regression analysis was performed to assess the association between quality score and study characteristics that were not part of the scoring algorithm: year of publication; sample size of participating women; sample size of included ultrasound examinations; study duration; type of participating hospitals (teaching vs non-teaching); number of participating centers (single vs multicenter) and number of sonographers (single vs multiple). Statistical analyses were performed using Microsoft Excel 2010 and IBM SPSS Statistics version 20 (IBM, Armonk, NY, USA). 
RESULTS
The search yielded 2902 citations, of which 56 were considered for potential inclusion. The flowchart of the literature search is presented in Figure 1 . Studies excluded from this review and the reasons for exclusion are listed in Table S1 . A total of 38 studies from 22 countries met the inclusion criteria and were included in the final analysis . The main characteristics, the overall study design and statistical and reporting methods quality scores for each included study are presented in Table S3 .
The overall mean quality score for the included studies was 51.4% (95% CI, 47.1-55.8%), whereas quality scores for study design and statistical and reporting methods were 47.4% (95% CI, 42.6-52.1%) and 54.3% (95% CI, 48.8-59.7%), respectively. The earliest study was published in 1987 70 and the latest in 2016 39 . The median sample size of participating women was 206 (range, 13-2323; interquartile range (IQR), 70.75-675.25), whereas the median number of ultrasound examinations was 400 (range, 60-2323; IQR, 183.5-952). In total, UA and MCA Doppler reference ranges were reported in 30 and 19 studies, respectively; in 11 studies, reference ranges for both UA and MCA Doppler indices were reported, whereas only four studies reported reference ranges for CPR. PI was reported in 31 studies, resistance index in 22 studies and systolic-diastolic ratio in 21 studies. The overall methodology score was similar for the studies focused on UA (median 49.0%; range 20.8-70.8%), those focused on MCA (median 55.0%; range 29.1-79.1%) and those focused on CPR (median 54.1%; range 41.6-62.5%).
Data collection was prospective in 34 studies, but in only 19 studies was data collection explicitly for research purposes (Table S3) . Thirteen studies had a longitudinal design, 23 were cross-sectional and one was mixed (cross-sectional and longitudinal); the design of the remaining study was not reported. Low-risk pregnancies were included in 22 (57.9%) studies. About half (53%) of the studies used a dating method considered to be at low risk of bias, namely either first-trimester measurement of crown-rump length (CRL) alone or the last menstrual period (LMP) confirmed by CRL. Overall, the demographic characteristics of the populations and any inclusion or exclusion criteria were not described in detail. The frequency of low risk of bias for each of the items in the two groups of methodological criteria (Table 1) for studies on UA and MCA Doppler indices and CPR are presented in Figures 2-4 and Table S2 . The highest risk of bias was similar for studies on UA and MCA Doppler indices and CPR, and was noted in the following fields: 'multicenter study' (item 1.10), in which only three of the studies were performed in more than one center; 'ultrasound quality control measures' (item 2.07), in which only two studies, focused on the UA, demonstrated a comprehensive quality-control strategy, and in which no study reported the use of an image scoring method for the purpose of ultrasound quality assurance; 'sonographer experience' (item 2.05), in which only three and four studies of UA and MCA Doppler, respectively, specified clearly the experience or training of the sonographers; 'blinded measurements' (item 2.06), in which sonographers in only one UA study were blinded to the measurement recorded during the examination and 'number of measurements' (item 2.09), which was apparent in only three studies. Furthermore, none of the CPR studies reported information on 'recruitment period' (item 1.06) (Figure 4 ). Although some individual 'inclusion/exclusion criteria' of participants (item 1.08) were used in different studies, there was no study in which all of these criteria were used systematically (Figures 2-4) . Similarly, 'sample size' calculation (item 1.05) was apparent in only seven studies (18.4%).
Results from individual studies were reported in the form of tables, equations or charts, as shown in Figures 2-4 . Tables of mean and SD of each measurement and for each week of gestation were the most common method of presentation of results (24 studies). Figure 4 Methodological quality of four studies presenting cerebroplacental ratio reference ranges, according to study design (a) and reporting and statistical methods (b) criteria.
An equation for the mean and SD was reported in 23 of 38 studies, whereas printed charts of the median and centile curves were seen in 25 publications.
With regard to type of hospital, teaching hospitals (n = 28) did not have a significantly higher overall quality score when compared to non-teaching hospitals (n = 10; 52.2% vs 48.3%; P = 0.4). In line with these results, but contrary to a similar previous report 24 , neither the year of publication (P = 0.506) nor the sample size of participating women (P = 0.119), ultrasound examinations (P = 0.215), study duration (P = 0.251), teaching hospital (P = 0.395), number of participating sites (P = 0.278) or number of sonographers (P = 0.447) were significant predictors of quality score on univariate or multiple regression analysis.
Differences in UA and MCA Doppler indices and CPR values between the studies that had the highest scores for quality showed that significant heterogeneity remained. For example, the 95 th centile of UA-PI at 37 weeks of gestation was 1.41 in one chart 71 , whereas it was 1.1 in another 46 ( Table 2 ). Similar instances were also noted at various other gestational ages and in reference ranges for MCA-PI and CPR.
DISCUSSION
This study has shown that there is considerable heterogeneity in the methodological quality of ultrasound studies aimed at creating reference ranges for UA and MCA Doppler indices and CPR. These differences may at least partly explain the differences in reported reference ranges and these may in turn explain some of the discrepancies seen in perinatal research based on Doppler, including patterns of Doppler progression [19] [20] [21] 76 or even long term outcome 15, 26 . This review determined the potential risk of bias based on study design and statistical and reporting methods using a predefined quality-scoring sheet of 24 criteria to determine which of these studies were most likely to be relevant for clinical management.
The data were collected prospectively for research purposes in only half of the included studies. Using clinical information collected routinely to create a reference could be an important source of bias, with over-representation of at-risk cases. Sixteen studies were performed on unselected populations, including pregnancies with suspected IUGR. An unselected population ensures a better representation of the underlying population 77, 78 . We consider that the aim of a fetal Doppler chart should be to depict how fetal hemodynamics should be under optimal conditions (a prescriptive standard) rather than how they often are (a descriptive reference) 79 . Three-quarters of the published references were performed by one sonographer. Multi-sonographer studies increase external validity and data consistency can be achieved by undertaking a formal standardization exercise prior to the start of a study 80 . A lack of blinding of researchers in studies has been shown to bias results 81 and the STROBE guideline recommends blinding in order to reduce such bias 82 . The effect of lack of blinding on expected-value bias has also been demonstrated in the field of prenatal ultrasound, although the magnitude of the effect is not well understood. It is suggested that such blinding should be undertaken not only in the research setting when creating ultrasound standards, but also in clinical practice in order to reduce such expected value bias 83, 84 ; this occurred in only one study. Monitoring of ultrasound data quality through a comprehensive quality control strategy has been proposed as another way to ensure high quality and should ideally include the use of image scoring methods and the assessment of intra-and interobserver variability of measurement 85 . Accurate estimation of gestational age is a fundamental prerequisite for creating any fetal standard 36, 86, 87 . Only 20 studies used dating either by CRL alone or by LMP corroborated by CRL.
Approximately one-third of the studies did not report the results in the form of tables of fitted centile values, gestational age curve charts and regression equations for both the mean and SD 88 . Both the median and variance should be modelled as a function of gestational age in a manner that accounts for the increasing variability with gestation and provides smooth centile curves; goodness of fit testing should demonstrate that these curves describe accurately the structure of the raw data 45 . Even when assessing only those studies with the highest scores of methodological quality, clinical cut-offs varied significantly and could lead to important differences in clinical management ( Table 2 ), demonstrating that about 40-50% of fetuses may be misclassified by using one chart rather than another.
The main strength of this review lies in the rigorous methodology used, which included: the implementation of guidelines for the conduct and reporting of systematic reviews of observational studies; the inclusion of a relatively large number of studies in the review and the use of a quality score checklist modified from that used in previous studies 13, 36, 37 , which allowed an objective and quantitative assessment of study methodology. The use of a quality score in the form of a percentage allowed an objective rather than empirical assessment of quality, and also enabled regression analyses in order to identify predictors of quality or other trends.
A limitation of this study is the inclusion of studies published in only the English or Spanish language. It is possible that eligible studies published in other languages may have been missed. Furthermore, it may be possible that biological variation might account for differences in Doppler results. For example, Doppler parameters obtained at a very high altitude 89, 90 may show some differences from measurements obtained near sea level due to adaptation; thus, reference ranges obtained at a very high altitude may not be appropriate to be considered normal ranges, in the same way as study sites at high altitude were excluded when creating fetal growth standards 91 . In addition, most Doppler territories, but in particular those of the MCA, show dynamic changes related to fetal movements, breathing or applied pressure from the ultrasound probe; however, while these changes can have an effect on an individual fetus, in studies creating ranges, these should not lead to bias unless standard guidelines were not followed. Another potential limitation was that the reviewers who performed the data abstraction were not blinded to the origin and authors of the included studies.
This systematic review has identified many ultrasound studies with poor methodology and reporting of reference ranges for UA and MCA Doppler indices and CPR. These should be taken into account in future studies and we recommend using a checklist of methodological good practices in further studies aimed at creating reference ranges for UA and MCA Doppler parameters and CPR; the criteria listed under low risk of bias (Table 1) would constitute the optimal methodological aspects for any future study. Our aim was to recommend reference ranges for use in clinical services based on the lowest risk of methodological bias (Table 2) , however, even among these studies there are differences of clinical importance with what is considered normal and what is not; urgent research is needed to reach consensus on this issue or create charts of optimal quality for widespread use.
SUPPORTING INFORMATION ON THE INTERNET
The following supporting information may be found in the online version of this article: Appendix S1 Search strategy Intervalos de referencia para losíndices Doppler de la arterias umbilical y cerebral media del feto y la relación cerebroplacentaria: una revisión sistemática RESUMEN Objetivo Evaluar los estudios que informan sobre intervalos de referencia para losíndices Doppler y la relación cerebroplacentaria (RCP) de la arteria umbilical (AU) y la arteria cerebral media (ACM) del feto, mediante un conjunto de criterios de calidad metodológica predefinidos para el diseño del estudio, el análisis estadístico y los métodos de notificación.
Métodos Esta fue una revisión sistemática de estudios observacionales en los que el objetivo principal fue crear intervalos de referencia para losíndices Doppler de la AU y la ACM y la RCP de fetos de gestaciones con fetoúnico. Se realizó una búsqueda de artículos relevantes en MEDLINE, EMBASE, CINAHL, Web of Science (desde el inicio hasta el 31 de diciembre de 2016) y en las referencias de los artículos recuperados. Dos autores, de forma independiente, seleccionaron los estudios, evaluaron el riesgo de sesgo y extrajeron los datos. Los estudios se calificaron según un conjunto predefinido de criterios metodológicos acordados de forma independiente y se asignó una puntuación de calidad global a cada estudio. Se realizó un análisis de regresión múltiple lineal para evaluar la asociación entre las puntuaciones de calidad y las características del estudio.
Resultados Un total de 38 estudios cumplieron los criterios de inclusión. El mayor potencial de sesgo se observó en los siguientes casos: 'medidas de control de calidad del ultrasonido', donde sólo dos estudios demostraron una estrategia integral de control de calidad; 'número de mediciones tomadas para cada variable Doppler', que solo fue aparente en tres estudios; 'experiencia del ecografista', puesto que ningún estudio sobre la RCP informó claramente sobre la experiencia o la formación de los ecografistas, y tan solo lo hicieron tres estudios sobre el Doppler de la AU y cuatro sobre el Doppler de la ACM; y 'mediciones a ciegas', donde tan sólo un estudio sobre el Doppler de la AU comunicó que los ecografistas no tuvieron acceso a la medición registrada durante el estudio. Las estimaciones del tamaño de la muestra sólo se comunicaron en siete estudios. No se encontraron predictores de calidad en el análisis de regresión múltiple. Los intervalos de referencia variaron significativamente con implicaciones clínicas importantes para lo que se considera normal o anómalo, incluso cuando se restringió el análisis a los estudios con mayor puntuación.
Conclusiones Existe una heterogeneidad metodológica considerable en los estudios que informan sobre los intervalos de referencia para losíndices Doppler de la AU y la ACM y la RCP, y las referencias resultantes tienen implicaciones importantes para la práctica clínica. Es necesario estandarizar las metodologías de la velocimetría Doppler y desarrollar estándares de referencia que puedan ser interpretados y aplicados correctamente en la práctica clínica. Se propone una serie de recomendaciones para este fin. Copyright © 2018 ISUOG. Published by John Wiley & Sons Ltd.
